The role of dynamics in the function of proteins, from enzymes to signalling proteins, is widely recognized. In many cases, the dynamic process is a relatively localized one, involving motion of a limited number of key residues, while in others large-scale domain movements may be involved. These motions all take place within the context of a folded protein; however, there is increasing evidence for the existence of some proteins where a transition between folded and unfolded structures is required for function.
closely related D4GDI [12] [13] [14] show that the flexible Nterminal domain becomes partially ordered in the complex, in agreement with NMR studies [15] .
In order to analyse the conformational characteristics of the flexible domain of RhoGDI in detail, we used several NMR approaches [9, 15, 16] , each sensitive to different aspects of the structure: analysis of intensities of cross-peaks in NOE (nuclear Overhauser effect) spectra, which reflect interproton distances, and the 13 C CSI (chemical shift index; [17] ) both provide information on secondary structure; the effects of the paramagnetic relaxation probe TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) on the relaxation rates of amide protons allows one to assess the accessibility of individual residues to the probe; and the analysis of 15 N-relaxation data provides information on rapid backbone motions. All these measurements are consistent with a high degree of flexibility in the N-terminal region of RhoGDI, but with clear indications of the existence of some transient structures. The region spanning residues approx. 37-57 shows evidence of decreased mobility, as indicated by increased values of the 15 N NOE and transverse relaxation rate, and decreased accessibility to TEMPO. The NOE has an average value of 0.35 (±0.13) in this region, as compared with approx. -1.0 for the extreme N-terminal residues and <0 around residues 30 and 60, but approx. 0.8 for a typical globular protein. The NH-NH NOEs and the CSI are entirely consistent with the existence of transient structure in this region, and strongly suggest that it is helical in nature [9] , the highest helical content being observed for residues 48-57. (There is also evidence from the same experiments for a less populated helical structure in residues 9-20.) Examination of the structures of the GDIGTPase complexes [12] [13] [14] shows clearly that it is just this region of the N-terminal domain, residues 35-55, that adopts an ordered structure in the complex: a 'helix hairpin' -two helices, residues 35-39 and 46-55, lying antiparallel to one another and linked by a tight turn. (Both crystallographic B-factors and NMR data indicate that other parts of the Nterminal domain retain substantial flexibility in the complex [12, 15] .) Thus the part of the N-terminal domain of RhoGDI that forms a helix hairpin in the complex with the GTPase has a detectable structure of a similar kind in the free molecule. This will clearly decrease the loss of entropy when the flexible domain of RhoGDI is partially immobilized on binding. To estimate the magnitude of this effect, we studied a mutant of RhoGDI, L55S/L56S, in which two adjacent leucine residues are replaced by serine [16] . These two leucine residues form part of the hydrophobic interface between the two helices of the helix hairpin, and we reasoned that replacement by serine would destabilize this interface and hence the transient helical structure. The NMR parameters (chemical shifts, NOEs and relaxation times) are entirely consistent with this, the differences from the wild-type protein being consistent with increased mobility and extending throughout residues 40-60 [16] . This change in structure is accompanied by a drastic decrease, of approximately three orders of magnitude, in the affinity for the GTPase Rac1 [15, 16] . This provides a strong indication of the importance of entropic factors and of the 'incipient' helical structure in RhoGDI in the thermodynamics of its binding to GTPases.
Unfolding for binding
As indicated above, there are many examples of proteins which exist in a substantially disordered state and which fold to a more ordered state on binding to a partner molecule; in several of these cases, the existence of a low population of a folded conformer appears to be important for function. Much more unusual are proteins that exist in a stable folded conformation but which must unfold in order to interact with a partner protein. We have recently described this behaviour in detail by NMR and EPR in domains from the cytoskeletal protein talin in its interaction with vinculin.
Talin (2541 amino acids) is one of several cytoskeletal proteins involved in coupling the integrin family of cell adhesion molecules with the actin cytoskeleton in cellular junctions with the extracellular matrix. The domain structure of talin is entirely consistent with its role in linking integrins and actin [18] : the N-terminal globular head contains a FERM (fourpoint-one, ezrin, radixin, moesin) domain that binds the NPXY (Asn-Pro-Xaa-Tyr) motif in the β-integrin subunit cytoplasmic domain and the head is linked to an elongated flexible rod that contains a second lower-affinity integrinbinding site, a highly conserved actin-binding site and binding sites for vinculin, one of the best characterized talin-binding proteins [19, 20] . We have identified 11 VBSs (vinculinbinding sites) in the talin rod, each of approx. 25 amino acids, corresponding to a single predicted amphipathic α-helix [21] . We have also determined solution and crystal structures of several VBS-containing domains from the talin rod [22] [23] [24] . These show that the talin rod comprises a series of helical bundles and, notably, that the hydrophobic residues defining VBSs are buried in the core of these bundles, as they are in the structures of the VBS-vinculin complexes.
The formation of the vinculin-talin complex must thus involve significant structural changes in the talin helical bundles in order for the VBS to become accessible to bind vinculin. We have shown that binding is indeed accompanied by a major structural change in the talin domains, amounting to unfolding of the helical bundles [22, 23] . For example, Figure 1 shows the effect of binding a talin domain (residues 1843-1973, containing VBS3) to the relevant domain of vinculin on the 1 H-15 N HSQC spectrum of the talin domain. For the talin domain alone, shown in black, all the expected cross-peaks in the spectrum are observed and are well dispersed, as would be expected for a folded protein or domain. However, on addition of the Vd1 (talin-binding domain D1 of the vinculin head) domain of vinculin (red spectrum), the number of crosspeaks observed decreases, and those that are observed have narrower line widths and are markedly less well dispersed. The decreased number of cross-peaks observed in this spectrum provides evidence for highly heterogeneous motional properties of the talin fragment in the complex. The crosspeaks that are not observed in the spectrum of this 43 kDa complex map predominantly on to helix H4, the VBS3 that makes a direct contact with vinculin; the spectrum suggests that most of the rest of the domain (approximately two-thirds of it) adopts a flexible random coil structure in the complex [23] . Further evidence for a major unfolding of this talin domain on binding vinculin came from site-directed spin labelling [25] experiments. Mutants of talin-(1843-1973) were designed to place cysteine residues at key positions on the four-helix bundle, as shown in Figure 2 (A); these mutants were labelled with a nitroxide spin label to give singly or doubly spin-labelled proteins, the EPR spectra of which then provide information on the local mobility and on the distances between the nitroxides. Figure 2(B) shows the roomtemperature spectra obtained from a mutant spin-labelled on Cys-1927, in the absence and presence of Vd1. In the absence of Vd1, two components of the high-field line are visible in the spectrum, indicating a restricted motion of the nitroxide, consistent with the NMR structure, which shows Cys-1927 pointing towards helix 2. In the presence of Vd1, the spectral component that represents the restricted motion vanishes and the spectrum as a whole becomes sharper, indicating a very high mobility of the nitroxide on Cys-1927. This suggests that in the complex helix 3 has become disordered and that the spin label is no longer close to helix 2. EPR measurements at low temperature were carried out to determine the distances between the two nitroxide groups within each of the doubly labelled mutants, using the effects on the shape of the spectrum arising from the dipolar interaction between the unpaired electrons of the two nitroxides. For example, in the sample labelled on Cys-1887 and Cys-1927 ( Figure 2C ), the spin labels are on different helices, and in both cases the clear spin-spin interaction observed in the isolated talin-(1843-1973) is consistent with the four-helix bundle structure. However, neither of these samples shows any spin-spin interaction in the complex with Vd1, indicative of an internitroxide distance of >20 Å (1 Å = 0.1 nm), of a substantial separation of helices H2 and H3, and hence of the unfolding of the four-helix bundle on complex formation. Thus the combined use of NMR and EPR provides complementary data on the structure and dynamics of the complex, demonstrating clearly that the talin domain is largely unfolded in the complex [23] .
This unusual phenomenon of 'unfolding for binding' has now been observed in all three of the talin rod domains studied to date [22] [23] [24] . It suggests novel possibilities for regulation of the talin-vinculin interaction by modulation of the stability of the domains. To examine the relationship between fold stability and Vd1 binding directly, we introduced mutations into the talin-(755-889) domain that would be predicted to further stabilize the talin-(755-889) four-helix bundle. The structure of this bundle is characterized by two threonine pairs (Thr-775/Thr-809 and Thr-833/Thr-867) that are accommodated within the hydrophobic core of the bundle [22] . Mutation of these threonine residues to more hydrophobic residues would be expected to stabilize the fold and to reduce the availability of the VBSs contained therein. We therefore expressed a talin-(755-889) mutant in which these threonine pairs were replaced by isoleucine/valine pairs T775V/ T809I/T833I/T867V, referred to as the VIIV mutant. Wildtype and mutant domains had very similar capacities to bind vinculin and very similar CD spectra. The temperaturedependence of the CD spectra showed a co-operative unfolding of the wild-type 755-889 polypeptide with a T m of 72.6
• C; in contrast, the VIIV mutant was much more stable and was less than 50% unfolded even at 95
• C. This increased stability was accompanied by a clear decrease in the affinity of the mutant domain for vinculin at room temperature [26] . This, and work on the five-helix constructs talin-(482-655) (A.R. Gingras, personal communication) and talin-(1843-2008) [23] , clearly establish that the inherent stability of the individual amphipathic helical bundles making up the talin rod is likely to play a significant role in determining the activity of any VBS contained within the bundle. The exact mechanism of the talin unfolding upon complex formation is currently unclear. The talin helical fold is stable, as shown by proteolysis experiments, suggesting an active role of the initial vinculintalin contact in the unfolding process and experiments to test this are in progress.
